Abstract
roughness peaks on the surfaces of journal and bushing completely. If full-film lubrication of a bearing cannot be guaranteed during its entire lifetime, the wear rate (defined as the gradual loss of material of the bearing bush, caused by mechanical contact with the journal, i.e. the journal is assumed not to suffer from wear, and erosion and surface fatigue do not occur) of the bearing material is an important quality criterion that should be taken into account by designers and users. This is particularly true if the bearing is designed to function dry, in which case a polymerbased bearing material will often be used,' or if 'pure' boundary lubrication conditions apply. In the latter case, separation of the (usually metallic) roughness peaks is achieved by means of a thin layer, strongly bonded to the surfaces. 2 It is not usually possible to predict the wear rate of a newlydeveloped bearing material on the basis of primary data on the journal and bushing materials such as, for instance, hardness, Young's modulus, or heat conductivity. This is primarily due to the 'system character' of wear which, among other things, implies that the wear rate of a bearing material depends on its interaction with the material of the journal and with the lubricant? As a consequence, one has to rely on the results of experiments. In such experiments, one often uses a small stationary specimen, made of the bearing material to be characterised, in contact with a rotating (usually steel) shaft. Unfortunately, the use of small specimens may lead to a serious discrepancy between laboratory test results, and wear behaviour in practice. Important reasons for such discrepancy may be differences in:
trapping of wear particles between the contacting surfaces friction-induced contact temperature* supply of lubricant to the contact zone entry of oxygen into the contact zone friction-induced vibrations.
Because of this, it is recommended to use radial journal bearings as test pieces, rather than small specimens.
If the sizes of the test bearings differ significantly from those in practice (which will frequently be the case), the transferability of the test results from the laboratory to practice is enhanced by performing the tests under the apparent pressure pa (defined as * The occurrence of friction between bushing and journal causes 'frictional heat', which may lead to high contact temperatures (sometimes of the order of 50WC). Obviously, theequilibrium contact temperature is also a function of the potential for heat transport in the bearing. boundary lubrication should be achieved during the tests, entirely avoiding a state of mixed lubrication. In tests performed in the presence of a lubricant, this usually implies application of a low angular velocity of the journal, resulting in a linear velocity of the order of 0.01 m/s (see reference 4 for an example of the application of IS0 7148). Obviously, such a velocity restriction does not apply to dry running bearings. Finally if, in testing, a radial journal bearing is used, the bushing should be aligned carefully to obtain a wear track of constant width. It should preferably be self-aligning with respect to the mechanism that transmits the force on the bearing.
The starting point for the calculation of k is Holm/Archard's Ca/cu/atjon ofthe specific wear rate k
in which V = volume of material removed as a result of wear (m3) F = radial force on the bearing (N) s = total sliding distance (m) (Eq. 1 can also be rewritten defining a wear modulus which replaces k. The unit of this wear modulus is N/m2.7f8) According to Archard, k is constant as long as the wear mechanism does not change.*
Prior to applying eq. 1 to a radial journal bearing, a distinction should be made between bearings operating under conditions of non-stationary contact, and those operating under conditions of stationary contact? Under non-stationary contact conditions, the location of the contact zone between bushing and journal rotates with respect to the surface covered with bearing material. This will be the case if the bushing or the load rotates (Figure la) , or if the bearing material to be characterised is present on the journal, rather than on the inner side of the bushing (Figure lb) . The latter case may occur if the bearing surface material is applied by means e.g. of metal spraying.
Under stationary contact conditions, the location of the contact zone between bushing and journal does not rotate with respect to the surface covered with the bearing material.
This will be the case if neither the bushing nor the load rotates and the bearing material is present on the inner surface of the bushing (Figure lc) . It can be noted that a dynamically loaded bearing, in which the magnitude of the load varies, but in which the direction of the load is constant, operates under conditions of stationary contact.
Non-stationary contact Under conditions of non-stationary contact, wear of the bearing material results in removal of material, uniformly distributed along the inner surface of the bushing or the outer surface of the journal. The latter case is depicted in Figure 2 , in which the material removed by wear is identified by hatching. This removal results in a continuous increase in radial clearance Ar and, usually, a gradual deterioration of the condition of lubrication. This is because, in designing a hydrodynamically lubricated radial journal bearing, the value of the radial clearance is usually optimised with respect to the lubricant film thickness, friction or stiffness.''+ ' In radial joumal bearings, operating under conditions of mechanical contact between bushing and journal, the following wear mechanisms may occur: t h e d wear (wear due to local melting), corrosive wear, deformation wear, wear by delamination, adhesive wear, wear by micro-cutting and wear by surface fatigue at mcrc-or micro scale. A change in mechanism may be the result of a change in test conditions, notably in sliding velocity; see also the footnote on page 52.
t Note that a sigruficant decrease in surface roughness as a result of contact between bushing and journal may counteract the undesirable effect of wear. In laboratory testing, a non-stationary contact condition will occur if the bearing material to be characterised is present on the journal (Figure lb) . If r is the radius of the journal and d the displacement of the journal as a result of wear, the area A of the crosssection of the worn part is given by:
Substituting eq. 2 in eq. 1 with V = A L, F = 2 r pa L (L = bearing length), s = 2 K r n (n = total number of revolutions of the journal), (T = Ar/r and 6 = d / r , results in:
Inserting realistic values for (T and 6, e.g. (T = lo" and 6 = W3,
shows that the second order term in eq. 3 can be neglected. This leads to:
In this case, 6 (d) can be found by measuring the radius of the journal before and after the test, subtracting the data thus found. Eq. 4 can also be used the other way round. For a given value of k, a maximum allowable value of d (important with respect to positioning of the shaft) and a required lifetime (value of n), the value of pa can be calculated. In this case, pa represents the maximum allowable value of the apparent contact pressure.
For given values of r and F and with L = F / 2 r pa, this yields the required value of the bearing length L. Figure 3 depicts the situation under conditions of stationary contact. Here also, the hatching identifies the bearing material removed as a result of wear. The journal has penetrated the bushing over a depth d.
Stationary contact
If the surface roughness of the bearing material does not increase as a result of wear, a wear pattern as shown in Figure 3 will usually improve the lubrication condition.' However, at a given wear volume V, the displacement of shaft as a result of wear will be larger than in the case of non-stationary contact.
According to reference 11, the area A of the cross-section of the wear scar can now be found (see also Figure 3 ) from: 
Analysis shows that, in this case, second order terms cannot be neglected. With eq. 8, k can be calculated from data on the bearing geometry (r, Ar, L), F, n and d.
In this case, the value of d can be determined in two different ways: directly, i.e. by measuring the displacement of the bushing in the direction of the force, during performance of the test. This can, for instance, be done with a differential transformer technique, as described in reference 12
by comparing the surface profile of a worn bushing with that of the same bushing before the test.* This can be done with a profile (roughness) measuring instrument, adapted far the measurement of hollow surfaces over a large measuring length.
The width b of the wear scar also forms a measure for the wear depth d, because b and a (eq. 6) are related according to: b = 2 r s i n a (9) However, for the usually very small values of (3 (order lo"), very small differences in b lead to considerable differences in 6, which makes this method extremely unreliable. Once again, it is possible to use eq. 8 for calculating pa for given values of k, r, Ar, d and n or, for a given value of F, to calculate L.
Because of the rather complicated character of eqs. 6,7 and 8, it is not possible to make a quick estimate of the effect of a variation in one of the parameters on the values of the others.
Thus, it is convenient to use a graphic presentation of eq. 8
in which the (dimensionless) product of pa, k and n is plotted as a 'From this information the value of A also can be found by (graphic) d e t e h a t i o n of the area of the surface, enclosed by the two profiles.
3.0-
2.8- From the data on Ar and d, it follows that the value of (3, as well as the maximum allowable value of S, amounts to 20.104.
The product pa k n has a value of 2.104. With (3 = 20.104, Figure   4 yields a S value of slightly below 19.104, which is only marginally smaller than the required maximum value of 20. lo4. In view of the fact that a k value (taken from the brochure) is only a rough estimate of the value which really applies in practice, the above margin between the calculated and the required S values should be considered to be too small.
It can be concluded that the value of k should be verified experimentally, prior to practical application of the bearing material in question.
